The 8-to 12-week postweaning fast exhibited by northern elephant seal pups (Mirounga angustirostris) occurs without any apparent deleterious effects on fluid and electrolyte homeostasis. However, during the fast the role of vasopressin (AVP) has been shown to be inconclusive and the involvement of the renin-angiotensin-aldosterone system (RAAS) has yet to be examined. To examine the effects of prolonged fasting on these osmoregulatory hormones, 15 postweaned pups were serially blood-sampled during the first 49 days of their fast. Fasting did not induce significant changes in ionic or osmotic concentrations, suggesting electrolyte homeostasis. Total proteins were reduced by day 21 of fasting and remained depressed, suggesting a lack of dehydration. Aldosterone and plasma renin activity exhibited a correlated, linear increase over the first 49 days of the fast, suggesting an active RAAS. Aldosterone exhibited a parabolic trend over the fast with a peak at day 35, suggesting a shift in the sensitivity of the kidney to aldosterone later in the fast. AVP was elevated at day 49 only, but concentrations were relatively low. RAAS was modified during the postweaning fast in pups and appears to play a significant role in the regulation of electrolyte and, most likely, water homeostasis during this period.
INTRODUCTION
Northern elephant seal (Mirounga angustirostris) (NES) pups fast for 8 -12 weeks after weaning (Le Boeuf et al., 1972) without any apparent deleterious effects on water and electrolyte balance (Ortiz et al., 1978 (Ortiz et al., , 1996 Castellini et al., 1990) . During this fasting period water balance in NES pups is partially maintained by the production of metabolically derived water from the oxidation of large fat stores (Ortiz et al., 1978) . However, for fluid and electrolyte homeostasis to be achieved during the postweaning fast, water produced from the metabolism of fat and circulating electrolytes must be greatly conserved. Among the renal mechanisms employed to conserve body water during the fast are a reduction in GFR and excreted urea (Adams and Costa, 1993) and an increase in urine osmolality (Ortiz et al., 1996) . Collectively, these mechanisms result in a decrease in urine output (Adams and Costa, 1993; Ortiz et al., 1996) . Increasing tubular reabsorption of electrolytes results in a reduction in excreted Na ϩ and K ϩ , which allows fasting pups to maintain electrolyte homeostasis (Adams and Costa, 1993; Ortiz et al., 1996) . However, the endocrine mechanisms involved in the regulation of fluid and electrolyte balance during the postweaning fast in NES pups remains largely undefined.
A decrease in urine output during the fast, resulting from a reduction in excreted urea and an increase in urine osmolality, suggests that vasopressin (AVP) may be elevated during this period. Previous studies in seals indicate that AVP has an antidiuretic role (Bradley et al., 1954; Page et al., 1954; Hong et al., 1982; Skog and Folkow, 1994) . However, previously, an increase in urine osmolality was observed despite a decrease in AVP during the fast in NES pups (Ortiz et al., 1996) . If the involvement of AVP in tubular resorption is minimal in fasting pups, then an alternative endocrine mechanism, such as the renin-angiotensinaldosterone system (RAAS) may be responsible for the observed reduction in urine output.
Aldosterone (Funder, 1993) and angiotensin II (Ichikawa and Harris, 1991) have been reported to possess an antidiuretic function in the distal tubule of the mammalian kidney, aside from their involvement in Na ϩ resorption. The reduction in excreted Na ϩ over the first 10 weeks of fasting (Ortiz et al., 1996) suggests that aldosterone may be increasing as the fast progresses. However, a decrease in plasma aldosterone between the 2nd and the 8th week of the fast was previously reported (Houser, 1998) , indicating a dissociation between plasma aldosterone and excreted Na ϩ . The apparent paradoxes associated with AVP and aldosterone in fasting NES pups warrant further investigation. Therefore, hormones associated with RAAS (aldosterone and plasma renin activity [PRA] ) and AVP were examined in an effort to provide further insight to our understanding of the physiological mechanisms developed by NES pups during prolonged fasting. PRA reflects angiotensin concentrations since PRA measures the generation of angiotensin I in plasma. We hypothesized that 49 days of fasting in NES pups will increase the response of the renin-angiotensin-aldosterone system and AVP concentrations to maintain water balance and constant plasma osmolality and electrolyte concentrations. These data should elucidate the endocrine responses to prolonged abstinence from food and water.
METHODS

Animals and Blood Sampling
Fifteen NES pups (9 males and 6 females) from Añ o Nuevo State Park (ca. 30 km north of Santa Cruz, CA) were serially sampled over the first 49 days during their postweaning fast. Mother-pup pairs were marked with hair dye for subsequent identification and monitored to determine the date of weaning. After weaning, pups were tagged in the hind flipper and re-marked. Because animals were left in their natural habitat between sampling periods, not all animals could be found on each prescribed blood-sampling day, which resulted in loss of sample size over the 49-day period. For example, of the original 15 pups sampled on the 1st day of the study, only 7 could be found on day 49 for resampling. The initial blood sample was taken within the first 24 h postweaning and used to represent preweaned, "nonfasting" conditions. Obtaining a blood sample within the first 24 h allowed us to not disturb mother-pup pairs to collect a blood sample during nonfasting conditions. Subsequent blood samples were obtained on days 7, 21, 35, and 49 of the fast. All blood samples were obtained from the hind flipper. Blood was collected into one prechilled lithium heparin-treated tube and one prechilled EDTA-treated tube. After 30 s of gentle rocking in the shade, tubes were placed on ice in a portable ice chest until they could be returned to the lab to be centrifuged, which was within 5-6 h. Prior to centrifugation of whole blood, aliquots in duplicate were removed in capillary tubes and spun in a microcentrifuge to determine hematocrit (% Hct). The remaining blood was centrifuged for 15 min (1500g at 4°C), and plasma was collected and frozen at Ϫ20°C for later analyses.
Hormone and Other Plasma Analyses
All assays were conducted on commercially available radioimmunoassay (RIA) kits. Aldosterone and AVP assays were validated for NES plasma previously (Houser, 1998; Zenteno-Savin and Castellini, 1998) . Aldosterone (DPC, Los Angeles, CA) and AVP (Phoenix Pharmaceuticals, Sunnyvale, CA) were analyzed from heparinized plasma, and plasma renin activity (NEN, MA) was determined from EDTA-treated plasma. All samples were run in duplicate in the three assays. To ensure validity of the assays in our hands, pools of NES plasma were serially diluted to determine degree of parallelism to the standard curve for each assay. The percent recovery of radioinert hormone from plasma pools for aldosterone and PRA was 101 and 94.5%, respectively. All measure-ments of aldosterone were run in the same assay with an intraassay CV of Ͻ9%. Intra-and interassay CV for AVP were Ͻ7 and Ͻ12%, respectively, and Ͻ5 and Ͻ9% for PRA. Electrolytes (Na ϩ , K ϩ , Cl Ϫ ) and total proteins were analyzed from heparinized plasma and were measured on a clinical autoanalyzer (Roche Diagnostics, Somerville, NJ). Osmolality was determined using a freezing point osmometer (Fiske, Norwood, MA).
Statistics
As stated earlier, animals were sampled and left in their natural habitat throughout the study, which resulted in unsuccessful attempts to recover individuals for blood sampling on specific days. Therefore, lose of sample size made analysis of variance corrected for repeated measures over time impractical for comparing means. Initially, means were analyzed by regression analysis to determine changes over time. If regression analysis did not detect a significant trend, means at each sampling period were compared to that for day 1 by unpaired t test. Means (Ϯ SE) were considered significantly different at P Ͻ 0.05. All statistical analyses were made using Statview (SAS Institute Inc., 1998) .
RESULTS
Aldosterone and PRA were significantly and positively correlated over the 49 days of the fast (R ϭ 0.83; P ϭ 0.02) (Fig. 1) . The change in aldosterone was characterized by a polynomial function (P ϭ 0.03), with a peak at 35 days (Fig. 2) . AVP was elevated only on day 49 (Table 1) . Total proteins were reduced as of day 21 and Hct was increased by day 7 and remained so for the remainder of the fast (Table 1) . Electrolytes and osmolality were not altered over the fasting period (Table 1) .
DISCUSSION
Northern elephant seal pups rely on water produced from the metabolism of large fat stores over the course of the postweaning fast to help maintain water balance (Ortiz et al., 1978) . However, body water and electrolytes must also be greatly conserved so that fluid and electrolyte homeostasis can ultimately be achieved. During the prolonged postweaning fast in NES pups, water and electrolyte balance may be at-
FIG. 2.
Trend in aldosterone over 49 days of fasting in northern elephant seal pups. Filled data points are means (Ϯ SE) from the present study. Open data points are means (Ϯ SE) from Houser (1998), and were not used to calculate regression. Numbers in parentheses next to data points represent the sample size (one sample per animal) for that period. Regression was considered significant at P Ͻ 0.05. tributed to a greater extent to the actions of RAAS than to those of AVP. The lack of a change in plasma electrolytes and osmolality and the decrease in plasma total proteins indicate that water and electrolyte balance were maintained in fasting NES pups in the present study. Results of the present study also suggest that RAAS may play an important role in pH balance during this fasting period. Resorption of free water from the collecting duct is primarily mediated by AVP in mammals (Wade et al., 1982) . However, aldosterone-induced increase of electrolyte resorption from the ultrafiltrate is also accompanied by the resorption of water (Morris, 1981; Funder, 1993) . Angiotensin II has also been reported to have antidiuretic activity in the kidney (Ichikawa and Harris, 1991) . Therefore, the observed increases in aldosterone and PRA over the first 49 days suggest that the reduction in urine output (or increased renal resorption of water) ( Table 2 ; Adams and Costa, 1993; Ortiz et al., 1996) may be accomplished to a greater extent by the resorption of water via osmotic gradients induced by aldosterone and Ang II in the distal tubule than by free water resorption via AVP in the collecting duct since AVP was not elevated and remained relatively low. Although AVP was elevated on day 49 in the present study, this increase does not appear to be physiologically significant since these values were on the lower range reported for NES pups (Ortiz et al., 1996; Zenteno-Savin and Castellini, 1998) . If the observed concentrations of AVP are physiologically significant, then the low levels of AVP may indicate that the renal collecting ducts are hypersensitive to AVP during the fasting period, as previously suggested (Ortiz et al., 1996) . Alternatively, free water may be reabsorbed by the kidney independent of AVP via AVP-independent aquaporins (Nadler, 1998) .
In mammals, Na ϩ and K ϩ are regulated by aldosterone via RAAS (Morris, 1981; Funder, 1993) . The positive correlation between PRA and aldosterone in the present study indicates an active RAAS, which is most likely responsible for maintaining ionic homeostasis in fasting NES pups. Aldosterone and PRA have also been shown to be positively correlated in other marine mammals (Malvin et al., 1978; Ortiz et al., 1998) . Nonetheless, an apparent paradox previously existed regarding the role of aldosterone in the retention of electrolytes. A decrease in urinary Na ϩ concentration over 10 weeks of fasting in NES pups was reported (Ortiz et al., 1996) despite a reduction in plasma aldosterone between 2 and 8 weeks of fasting (Houser, 1998) . However, the parabolic trend in plasma aldosterone observed in the present study reconciles the apparent paradox between reduced urinary Na ϩ concentration (Ortiz et al., 1996) and plasma aldosterone (Houser, 1998) . In the previous study (Houser, 1998) a peak in plasma aldosterone (35 days in the present study) probably preceded the reported decrease at week 8 of fasting. Also, the percent filtered load of Na ϩ and K ϩ that was reabsorbed was calculated to increase to 99.98 and 97%, respectively, at 10 weeks of fasting in NES pups (Table 2 ; Adams and Costa, 1993; Ortiz et al., 1996) . This increase in electrolyte resorption despite the observed decrease in aldosterone after day 35 suggests that renal sensitivity to aldosterone is increased later in the fast.
Although the increase in percent filtered load reabsorbed for Na ϩ is probably inconsequential (with an initial value of 99.8%), a 14% increase in the retention of K ϩ (Table 2 ) may be significant and indicative of an adaptive response to maintain acid-base balance. Mineralocorticoids regulate the transcription of Na ϩ -K ϩ -ATPase (Funder, 1993) , as well as H ϩ -related ATPases in the kidney (Gekle et al., 1997) . The data on percent filtered load reabsorbed indicates that Na ϩ retention was constantly greater than 99.8%, whereas K ϩ retention increased from 83 to 97% (Table 2) , sug- gesting that another cation must have been substituted for K ϩ . We propose that H ϩ is substituted for K ϩ during the fast and that the observed increases in aldosterone in the present study may induce an increase in the synthesis of Na ϩ /K ϩ -H ϩ -ATPases. Although not identified in any marine mammal, the presence of Na ϩ /K ϩ -H ϩ -ATPases has two potential benefits to deep-diving mammals. The first is that these pumps can conserve Na ϩ and K ϩ at the expense of H ϩ (Wingo and Smolka, 1995) . Second, the loss of H ϩ could alleviate the incurred respiratory acidosis during deep dives (Kooyman et al., 1980) . The constant blood pH previously reported indicates that fasting pups do not experience metabolic acidosis (Kohin, 1998) . The lack of acidosis and an increase in excreted H ϩ via NH 4 ϩ (Adams and Costa, 1993) during the postweaning fast in NES pups suggest that mineralocorticoid-induced Na ϩ /K ϩ -H ϩ -ATPase synthesis may be a plausible mechanism to abate acidosis incurred during diving and to abolish acidosis during fasting in these seals.
The period that pups fast varies, indicating that the onset of the cue(s) to end fasting and to begin foraging also varies. A specific reduction in body mass (Houser, 1998) has been proposed as one possible cue to initiate foraging. The increases in aldosterone and PRA observed in the present study may be potential endocrine cues. In mammals, aldosterone (Shelat et al., 1999) and Ang II (Weisinger et al., 1996) have been shown to be potent stimulators of salt intake. The peak in aldosterone at 35 days in the present study coincides with the reported time in which pups have begun to enter shallow water (Le Boeuf et al., 1972) . Although active drinking in pups was not previously observed (Ortiz et al., 1978) , this occasional visit to water and possible incidental ingestion may be sufficient to satisfy their appetite for salt, thereby contributing to their maintenance of Na ϩ homeostasis and resulting in the observed decrease in aldosterone late in the fast.
Although an increase in hematocrit has been used clinically as an indication of dehydration (Jimenez et al., 1999) , the increase in Hct in the present study suggests that it may vary independent of hydration state in fasting NES pups. Other indicators of dehydration, such as elevated plasma osmolality, electrolytes, and total proteins, were not observed in the present study. Also, total body water (%) (Houser, 1998) and circulating water content (Castellini et al., 1990) were not decreased over the course of the postweaning fast in previous studies, further suggesting a lack of dehydration. Previous data in fasting NES pups showed a similar increase in Hct, which was attributed to an increase in red blood cell volume in development of this species' diving ability (Kohin, 1998) .
In conclusion, data from the present study indicate that fasting NES pups maintain water and electrolyte balance despite the complete abstinence of food and water for at least 49 days. The positive correlation between PRA and aldosterone suggests an active RAAS in these animals over the course of the fast. Water and electrolyte balance during the prolonged postweaning fast in NES pups appear to be accomplished via the actions of RAAS, which is similar to that observed in terrestrial mammals. RAAS may also play an important role in maintaining acid-base balance during the fasting period. The observed increases in aldosterone and PRA may also serve as potential cues to initiate foraging. Although Hct was elevated over the course of the fast, this increase is most likely associated with the development of diving ability in this species, as previously indicated, and is not an indication of hydration state. The involvement of AVP mediation in water retention continues to be inconclusive in northern elephant seal pups during fasting. Alternatively, the relatively low concentrations of AVP may be indicative of a hypersensitive collecting duct in NES pups during the fast. What remains to be tested is whether the actions of RAAS alone, without AVP, are sufficient to account for the reported increase in urine osmolality and decrease in urine output during the postweaning fast in northern elephant seal pups.
